The study, made by ENEA in cooperation with the University of Pisa as part of the activities supported by the Italian Ministry of Economic Development in the framework of the Program Agreement for the Research on the Electric System, is related to the situation of Italian market and demonstrates the feasibility of the electrification for off-road vehicles and the possibility to realize it by the means of standard modules.
Introduction
There are a lot of medium/little companies, working in the fields of the machines for building sites, gardening, streets cleaning, earth-moving, agricultural greenhouses, that use for their production diesel and gasoline engines. The comparison between the actual diesel and electric motorizations for industrial vehicles and working machines, shows the advantage of the electric motorization as for the global energetic consumptions (from the source to the user) as for the environmental impact (reduction of CO2 emissions). The electrification of "off-road" fields, could bring a large market, equivalent to the introduction on the market of tens of thousands electric cars in a year. For these reasons, a special technical-scientific study was made by ENEA in cooperation with the University of Pisa to value the potential market of off-road vehicles in electric version [1] .
The potential market of offroad electric vehicles at 2020 in Italy 2.1 General aspects
As a first step, a lot of different types of electric machines already on the market were individuated, a part of them is shown in Annex 1.
Then, the sectors of potential interest for the study were chosen: machines form building sites, gardening, machines for the street cleaning, agricultural machines, machines for earthmoving, machines for agricultural greenhouses, snow machines. The study was related to motorizations, typically medium/low power, where it's possible the substitution of the actual supply systems with innovative battery systems. High power motorizations or duty cycles which require hybrid propulsion or too much expensive applications (due to the big number of batteries) were excluded.
Potentiality
By the data of sales of off-road vehicles in Italy in 2009 and 2010 ( Figure 1 and Figure 2 ), on kind courtesy of manufacturers' associations or the companies working in this field, it was calculated the potential sales volume of off-road vehicles at 2020 in the different sectors, and finally the potential of off-road electric vehicles at 2020, with the hypothesis that the production of electric vehicles is only 10% of the total. Considering the type and number of lithium batteries for each type of vehicle, this potential sales volume was converted in kWh, as shown in Figure 3 . At the unitary cost of 400 €/kWh, expected target for traction batteries, these volumes correspond to over 200 M€ of sales. As number of electric cars, with the hypothesis that 25 kWh is the energetic content of the battery system for a medium car, the above off-road market at 2020 corresponds to rather 20.000 electric cars. Considering that at 2020 is estimated a penetration of the pure electric equal to 3÷4% on a global car market of 1,6 ÷ 2,6 million cars, the above-mentioned parallel market corresponds to the 25÷30% of the electric car market.
Main characteristics of the battery pack
In the framework of the selected categories, it was realized a list of 64 vehicles (see Annex 2) and for each one of them the main characteristics (kWh and kW) of the battery pack were preliminary determined (see Annex 3). The result of the study is shown in Figure 4 : two capacity levels, 120 Ah and 180 Ah, and three voltage levels, 48 V, 96 V, and 192 V, are able to satisfy all what is needed for the electrification of this type of vehicles. During the various contacts with the Manufacturers it was found that the main problems which obstruct the large diffusion of the electric vehicles are the big initial cost due to the big cost of batteries and the short autonomy. A valid argument to reduce prices is the adoption of standard modules: in fact, an hypothetic economic operator could satisfy the needs of the various applications with the same product and this can be translated in high volumes of production/purchasing. The modularity, associated with the use of small-sized modules and charge stations, could permit to reduce the weight of the battery pack, that is another constrictive factor because of its impact on the kilometric consumptions.
Standard modules
To define the standard modules means to establish the type of technology and the main electric characteristics: voltage and capacity.
Technology and main electric characteristics of the standard modules
About the type of technology, the LiFePO 4 was chosen as cathode material because of safety and costs, even if the specific values of power and energy of this technology are lower than some other technologies. On the other hand, the offroad vehicles have less constrictive conditions about space and weight than the road vehicles and anyway the comparison between a lithium iron phosphate battery and the equivalent leadacid battery shows that the volume and weight can be reduced. Figure 5 shows the comparison between the dimensions of a lithium-ion battery LiFePO 4 12V -100Ah (weight 15,8kg) and a lead acid battery 12V -100Ah (weight 42,2kg): in this case, the volume is reduced by half and the weight by about 60%. Further the LiFePO 4 technology was proved as the best technology for the application of lithium batteries as starting lighting ignition batteries due to its characteristic working voltage: in fact, the series connection of 4 LiFePO 4 cells equals the working voltages of the electric suppliers and the lead acid starting batteries actually on board the vehicles [2] . The use of the same technology for different applications is a factor of standardization and reduction of costs. Figure 6 is relating to the rupture of cathodes of various technologies by the effects of temperature and it shows that the LiFePO 4 cathode breaks at higher temperatures than other technologies and also the energy released is lower.
A particular study was conducted also about the costs of LiFePO 4 technology, to clarify contrasting information coming from the literature: the study considered the history of purchases at ENEA, followed by an analysis of costs of 54 models of batteries with different chemistries and suppliers, and a valuation of the costs per kW for different type of chemistries. Table 2 are referred to battery module or complete battery systems, i.e. the systems with tension equal or above to 12,8V, where the cost of the electronics is enclosed. With reference to the average cost calculated considering all the suppliers, the LFP technology is situated in the middle. The supplier indicated by the letter T manufactures different types of chemistry and its cost are surely referred only to the cell: if the average costs are calculated considering only the supplier T, the analysis gives the following results:
 average cost LCO 807.8657 €/kWh  average cost LFP 471.3871 €/kWh This kind of analysis seems to be better because the comparison is really made in the same conditions: in this context the technology LFP is the cheapest. If the lowest cost in all the table is found, it belongs to an LFP battery (421€/kWh). A final consideration can be made about the costs of various technologies as a function of power. Also from this analysis, shown in Table 3 , the LFP technology turns out advantageous. Further, the LFP technology is on development yet, so it could be susceptible of other cost reductions. From the data of the battery packs preliminary determined (Annex 3 and Figure 4 ), it can be seen that adopting 12 V as standard module voltage and three values of capacity, 30Ah, 60Ah, and 90÷100Ah, it is possible realize standard modules (module 12V -30Ah, little size, module 12V -60Ah, medium size, and module 12V -90÷100 Ah, large size) which can be used, taken individually or series/parallel connected, to satisfy all the applications abovementioned. The standard modules can be realized by 4 cells LiFePO 4 . On the other hand, 12 V is the standard voltage for starting batteries and the above capacities were selected in the previous study [2] for the application starting lighting ignition batteries: these are other factors of standardization.
Preliminary specifications of the standard modules
This specification contains all the main information to realize the preliminary design and further the prototype of the battery module. Following some tests on the prototype, it will be issued a final specification for the definitive module.
Standards
As the prototypes as the final modules will be realized according to the main International standards relating to the safety and functionality when an electric storage system is used on an electric vehicle. The following Table 4 shows the main standards considered in the modules design. 
Main components of the modules
The module must enclose:
 the single cells and their connections,  the Battery Management System (BMS) at module level, type "built-in", made by an electronic system for monitoring the state of charge (SOC), current, total voltage, single cells voltage and temperature, a protection system, a balancing system and a data communication system,  a thermal system, built in the module,  a power interface, with power connectors IP57, isolation detecting and additional equipments (fast fuses on both the poles),  enclosure, with supports and other equipments for handling (lifting cords) and installation, powder and water resistant IP56, flame retardant material. The following Figure 7 shows a simple drawing of the module, with its main components and communication interfaces. 
Self discharge
the allowed self discharge in one month will be less than or equal to 3% of nominal capacity.
Enclosure
The module must be realized in a unique enclosure and its installation on board the vehicle must come without requiring important mechanical modifications. As a reference for the dimensions of the module was taken the actual configuration of the lead acid batteries, so the maximum overall dimensions should possibly be as following:  length: ≤ 260 mm,  width:
≤ 173 mm,  height:
≤ 225 mm,  weight:
≤ 16 kg (large size).
Thermal management
The prototype will be initially realized without a thermal system. The experimental activity on it will show if a cooling system is needed and, if a cooling system is needed, which is the type of it (forced air or liquid).
To verify if a thermal system is needed, and to design it if necessary, it is assumed as a reference the profile reported in CEI EN 61982-3 Standard. This profile is typical of a full electric vehicle and is shown in Figure 8 : it consists of some charges and discharges at different power and it must be repeated till the condition of minimum voltage is reached. The powers indicated in Figure 8 are relating to a standard battery with energy 40 kWh at nominal power: this battery is able to supply a full electric vehicle with 2000 kg weight for 250km. To make tests on littler batteries the values of power must be reduced by a scale factor (fs) equal to the ratio between the nominal energy of the standard battery and the energy of the battery on test (for example, if the battery on test has a nominal energy 10 kWh, the reducing factor fs will be 4). Table 5 shows the power set-up and the length of the single steps of the test. 
Calendar life
It must be comparable with the life of the actual lead acid batteries (also for psychological reasons of the potential buyer), so 6 -8 years.
Life as number of cycles corresponding to the calendar life: this definition requires to know the duty cycle typical of the off-road vehicles. Because of the lack of this information, it is temporarily assumed the ECE cycle shown in Figure 9 (duration 1200s and length 11,67 km). Considering a medium travel of 15.000km, the cycles number which corresponds to 6 -8 years of calendar life becomes 7.500 -10.000 ECE cycles. The test profile is made by some charges and discharges at different power and it must repeated till the minimum voltage is reached. At the end of this procedure the battery must be completely charged. The power set-up shown in the Figure 9 are relating to a standard battery with 15 kWh of energy at the nominal power, able to supply a full electric vehicle 1.150kg in weight for 113km. To make tests on littler batteries, the power values can be reduced by a scale factor (fs), equal to the ratio between the nominal energy of the standard battery and the power of the battery on test (for example, if the nominal energy of the battery on test is 5 kWh, the value of fs will be 3). Table 6 and 7 show the power set up and the length of the single steps of the test profile. A further verify will be conducted on the duty cycle of the off-road vehicles and the length of life as cycles number will be recalculated.
Environmental conditions
 environmental temperature: -20°C ÷ +50°C,  working temperature: -20°C ÷ +55°C,  humidity: 0 ÷ 100%.
Preliminary design of the standard modules
The little size module can be realized by the cell type HP-PW-30Ah (manufacturer Shangdong Hipower New Energy Group Co. Ltd), whose main characteristics are shown in Table 8 . The module will be made by 4 cells series connected. So the main characteristics of the module become as shown in Table 9 . The module will be made by 4 cells series connected. So the main characteristics of the module become as shown in Table 11 . The module will be made by 4 cells series connected. So the main characteristics of the module become as shown in Table 13 . 
Demonstrator
As an example of the modules design, it was decided to realize a modular storage system. It was chosen the working condition 48V -200Ah, corresponding to 9 ÷ 10 kWh, that is good for a lot of machines in the field of "offroad vehicles for gardening", for example PK600 (manufacturer Grillo SPA), Tigercar and Tigercar+ (manufacturer Antonio Carraro SPA), ATX 200E (manufacturer Alké). Figure 10 gives an image and Table 14 shows the main characteristics of the ATX 200E. The supply system for this vehicles could be made by 2 groups of lithium-ion battery systems, each one 48V -100Ah (the two systems together give 48V -200Ah reported in the above text and in Table 14 ). Each group can be realized by 4 large size standard modules, series connected. The demonstrator system was realized firstly in a prototype version. It will be followed by the final version: in this version, each module will have its BMS "built-in", to whom the BMS at system level (BMS master) will be added. Table 15 shows the main electric characteristics of the storage system for the vehicle taken as an example. In Annex 4 some tables relating to the specifics of the BMS are reported.
Conclusions
The study, made by ENEA in cooperation with the University of Pisa as part of the activities supported by the Italian Ministry of Economic Development in the framework of the Program Agreement for the Research on the Electric System, demonstrated the feasibility of the electrification for off-road vehicles and the possibility to realize it by the means of standard modules. The preliminary dimensioning of the standard module was made and the activity goes on through the study of the thermal management and the final specifics of the BMS, especially regarding the balancing function (how to balance, in active or passive way, and when) of the module. The thermal management and the BMS will be enclosed in the box of the module in the definitive version. A BMS master will be also developed to realize the management of a battery system made by modules series/parallel connected. 
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